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Methods:
We performed transcriptome analysis of human and mouse models of endocrine cancer. To address the role of Sod2 in endocrine tumors, we introduced a Sod2 null allele or a transgenic Sod2 overexpression allele into mouse models of benign thyroid follicular neoplasia or aggressive, metastatic follicular thyroid cancer (FTC) and monitored phenotypic changes in tumor initiation and progression.
Results: In the thyroid, SOD2/Sod2 was downregulated in FTC but not papillary thyroid cancer. Reduced expression of SOD2 was correlated with poorer survival of patients with aggressive thyroid or adrenal cancers. In mice with benign thyroid tumors, Sod2 overexpression increased tumor burden. In contrast, in mice with aggressive FTC, overexpression of Sod2 reduced tumor proliferation and improved mortality rates, whereas its deficiency enhanced tumor growth.
Conclusion: Overall, our results indicate that SOD2 has dichotomous roles in cancer progression and acts in a context-specific manner. (J Clin Endocrinol Metab 103: [4135] [4136] [4137] [4138] [4139] [4140] [4141] [4142] [4143] [4144] [4145] 2018) A ggressive endocrine cancers are uncommon, and they present therapeutic challenges because of their limited response to conventional chemotherapeutic agents. Thyroid cancer is the most common endocrine malignancy, with .55,000 new cases diagnosed per year in the United States (1) . Epithelial thyroid cancers (also known as nonmedullary thyroid cancers) comprise the more common papillary thyroid cancer (PTC), the less common follicular thyroid cancer (FTC), and the rare and highly aggressive anaplastic thyroid cancer (ATC). Although most cases of thyroid cancer are treatable and have a good prognosis, once the tumor has undergone metastasis, overall survival drops significantly because treatment options are limited (2) . In contrast, adrenocortical carcinoma (ACC) is a rare cancer, with an incidence of approximately one per million in the United States (3) . The prognosis of ACC remains poor, with a 5-year survival rate of ,10% for those with advanced disease.
These endocrine tumors, like normal hormoneproducing cells, exhibit high metabolic activity; thus, there has been a renewed interest in understanding the metabolic contribution to tumor behavior, particularly as it applies to the transition between normal and neoplastic tissue. In most tissues, energy needs are supplied by aerobic energy generation through the mitochondrial Krebs cycle. In tumors, ATP generation often relies on the glycolytic pathway, and this energetic transition is known as the Warburg effect (4) . Because of altered tumor metabolism, most tumors are thought to exhibit enhanced oxidative stress (OS) due to inactivation or dysregulation of mitochondrial enzymes (5) . Accumulation of reactive oxygen species (ROS) can lead to OS and cause multiple types of damage to the cell, including ROS-mediated DNA damage (i.e., mutagenesis) and oxidation of cellular proteins and lipids. ROS can also serve a signaling function (6) (7) (8) (9) (10) (11) (12) , which may be either cell autonomous or through effects on the tumor microenvironment (13) (14) (15) .
The association of OS with thyroid cancer progression has been suggested by the finding of low total antioxidant levels and an altered OS index in the serum of patients with thyroid cancer, often accompanied by evidence for DNA damage and lipid peroxidation (16) (17) (18) . However, the mechanistic link between OS and thyroid neoplasia remains poorly understood (19) , because studies associating OS with thyroid disorders and cancer have relied on clinical retrospective studies (20) . Although the adrenal cortex is also a highly metabolically active tissue, there are no studies to date, to our knowledge, that have evaluated the effect of ROS on tumor behavior.
ROS scavenging in tissue relies heavily on manganesedependent superoxide dismutase, (MnSod), a mitochondrial enzyme encoded by the nuclear SOD2 gene. MnSOD converts superoxide radicals to hydrogen peroxide (H 2 O 2 ), which is subsequently detoxified to water by catalase and glutathione peroxidases (GPXs). SOD2 is essential for organism survival: Homozygous knockout (KO) of the murine gene (Sod2) causes embryonic lethality (21, 22) , in contrast to the viability of animals with KOs of other members of the SOD family, cytosolic Sod1 and extracellular Sod3 (23, 24) .
In this study, we investigated the role of SOD2/Sod2 in thyroid and adrenal cancers using human and mouse mRNA expression datasets. We report that FTCs exhibit decreased expression of SOD2/Sod2, whereas no change is seen in PTCs. Prognostically, reduced levels of SOD2 predicted a poorer survival in ATC and ACC. To address directly Sod2's role in cancer behavior, we analyzed the effect of its over-or underexpression on the behavior of mouse models of FTC. The results of this study indicate that MnSod exhibits context-specific effects, where increased levels exacerbate tumors of low aggressiveness but are protective in advanced cancers.
Materials and Methods

Transcriptome analysis
The Cancer Genome Atlas and Gene Expression Omnibus was used to screen SOD2 expression in human endocrine cancers. A panel of OS genes was selected from microarray data, with a P value cutoff at 0.01 considered significant. OS genes were selected from previously published microarray data for human and murine FTC (Figs. 1A and 2) (25, 26) . The data set in Fig. 1A was downloaded from the European Molecular Biology Laboratory ArrayExpress repository (www.ebi.ac.uk/ arrayexpress) using accession identifier E-MEXP-97 (27) . Kaplan-Meier curves were analyzed from ATC and ACC data sets, using low and high expression of SOD2 at median cutoff (28) . Data sets for Fig. 1B-1D are from The Cancer Genome Atlas (TCGA) thyroid carcinoma (29) [Gene Expression Omnibus accession no. GSE76039 (30) ] and the data set for Fig. 1E is from TCGA ACC (28).
Animal Studies
All animal experimentation described was conducted in accordance with accepted standards of humane animal care and in compliance with Ohio State University Institutional Animal Care and Use Committee regulations. We have previously described the use of the thyroid-specific Tpo-cre line (31) for the generation of mice lacking Pten in the thyroid, either by itself (Pten-TpoKO) or in combination with deletion of Prkar1a [double R1a-Pten KO (DRP-TpoKO)] (25). To create mice lacking one copy of Sod2 (i.e., haploinsufficiency), these mice were crossed independently with animals heterozygous for a null allele of Sod2 (stock no. 002973; Jackson Laboratories) (32) . The resulting mice were backcrossed to the respective parental thyroid-specific KO lines to generate Sod2 +/2 PtenTpoKO and Sod2 +/2 DRP-TpoKO mice. To analyze the effect of overexpression of Sod2, we took a similar approach to integrate the Sod2-Tg allele (33) (in the hemizygous state), resulting in two lines with Sod2 overexpression: Sod2-Tg Pten-TpoKO and Sod2-Tg DRP-TpoKO mice. Because the thyroid KO lines were in an FVB/N-strain background and the Sod2 alleles were in the C57Bl/6J-strain background, all animals in this study were littermates of a mixed background. Animals from both sexes were analyzed and found to exhibit the same characteristics (data not shown). Thus, the data presented here include aggregated information from male mice and female mice.
Ultrasonography
Three-dimensional thyroid ultrasonography was performed at 3-month intervals on live animals, using a VisualSonics Vevo 2100 ultrasound platform equipped with an MS550D transducer. Images were acquired in three-dimensional mode and volumes calculated using Vevolab 2.1 software in a blinded fashion.
Histology
Dissected mouse thyroid tissues were fixed in 10% buffered formalin solution and embedded in paraffin. Tissue sections (5 mm) were stained with hematoxylin and eosin. Immunohistochemistry was performed and results quantified as previously described (34), with antibodies for Ki-67 (catalog no. ab15580; Abcam) or MnSod (catalog no. PA1-125; Thermo Fisher Scientific).
Statistics
All data, except Kaplan-Meier curves and cancer incidence, were analyzed via paired or unpaired t test using Prism GraphPad software. Thyroid volume analysis was done using a linear mixed model among three different genotype groups [Sod2-wt (wildtype), Sod2 +/2 , and Sod2-tg] averaged across months and sex. Holm procedure was used to adjust for multiple comparisons. P , 0.05 was considered significant. For microarray analysis of OS genes, P , 0.01 was considered significant. Log-rank test was used for analyzing Kaplan-Meier curves.
Results
Clinical relevance of altered OS status in human endocrine cancers SOD2 gene expression exhibits complex patterns with downregulation in some cancers and upregulation in others, but a comprehensive picture of thyroid carcinoma in regard to OS status and SOD2 expression is lacking (8, 35, 36) . Given the importance of ROS signaling on thyroid function, we examined publicly available and previously published data sets examining mRNA expression patterns in thyroid cancer (28) (29) (30) 37) . PTC is the most common type of thyroid cancer and generally has a good prognosis. FTC is more likely to undergo hematogenous spread than PTC (38) , whereas ATC is extremely aggressive with frequent metastases and a median survival of 3 to 5 months (39, 40) . Analysis of OS genes in previously published human microarray data revealed that the oxidative pathway was altered in FTC compared with follicular adenoma (FA; Fig. 1A ) (27) . Expression of SOD2 was downregulated in FTC (fold change, 0.7; P , 0.001) compared with FA. Contrary to other types of cancers, analysis of PTC from TCGA data revealed that SOD2 was neither significantly altered in the primary tumor nor in metastatic tissue when compared with normal and matched primary tumor, respectively (41, 42) (Fig. 1B) . However, this could be a (E) Kaplan-Meier survival curves of data from patients with ACC based on low (red line) and high (green line) expression. P value was calculated by log-rank test in survival analysis. Sources of microarray data for these analyses are described in Methods. **P , 0.01. ns, not significant; RSEM, RNA-sequencing by expectation-maximization.
limitation of the number of available samples with metastases. When the TCGA data were broken out by driver mutation, we observed that BRAF mutant cancers (which formed the majority of samples in the cohort) had SOD2 levels similar to wild-type, whereas RAS mutant tumors had reduced SOD2 levels, similar to those observed in FTC. Tumors lacking mutations in either of these genes exhibited intermediate SOD2 levels (Supplemental Fig. 1 ). In contrast, in more aggressive anaplastic cancer, expression of SOD2 was significantly increased compared with that is poorly differentiated thyroid cancer (Fig. 1C) (30) .
To determine if SOD2 levels correlated with outcomes, we studied overall survival in patients with ATC (30) , because a paucity of deaths in PTC and FTC cohorts precluded this type of approach (27, 29) . In this analysis, a higher SOD2 level correlated with significantly increased survival in the ATC cohort (Fig. 1D) . To further test if SOD2 expression influenced survival outcomes in other aggressive endocrine cancers, we evaluated the TCGA data for ACC, another endocrine cancer with poor overall outcome (28) . We observed that patients with high SOD2 expression had increased survival, whereas low SOD2 levels poorly correlated with survival status in ACC (Fig. 1E) .
Altered OS status in mouse thyroid cancer models
Frequent MnSOD dysregulation in cancers suggests that the enzyme may play an important role in cancer progression and metastasis (43, 44) . According to some studies, SOD2 shows a positive correlation with aggressive cancer phenotypes (44) (45) (46) (47) . Therefore, we investigated the relationship between Sod2 expression and histopathological features, using mouse models of FTC. Previous mouse modeling data from our laboratory have shown that the activation of Akt (arising from Pten ablation) results in FAs, whereas activation of PKA signaling [arising from loss of Prkar1a (R1a)] is sufficient to promote a locally invasive FTC phenotype (25) . When there is dual activation of these pathways (via combined loss of R1a and Pten), mice develop an aggressive FTC, which exhibits metastatic behavior similar to that seen in human FTCs. Thus, we used these FTC diseaseprogression mouse models to analyze the OS in the FAs in Pten-TpoKO (70% incidence), in the locally invasive FTCs in R1a-TpoKO (20% FA, 80% FTC), and in 100% penetrant, metastatic FTC in DRP-TpoKO mice.
We analyzed the expression of genes in OS pathways in our FTC disease progression mouse models by mining previously published microarray data (25) . As expected, the proportion of significantly altered genes in the OS pathway was higher in the more aggressive DRP-TpoKO model than in the R1a-TpoKO and Pten-TpoKO models ( Fig. 2A-2C ). mRNA expression of Sod2 was significantly reduced in DRP-TpoKO and R1a-TpoKO but not in Pten-TpoKO mice (25, 48) . Thus, similar to the human FTC data shown in Fig. 1 , Sod2 expression was unchanged in adenomas and downregulated in aggressive types of murine thyroid cancer models (Fig. 2D) .
Furthermore, the ratio of Sod2 to H 2 O 2 -scavenging enzyme levels is an important biomarker of tumor progression (49) . Our microarray analysis revealed that Pten-TpoKO mice had a Sod2-to-GPx1 ratio of 2.7 and Sod2-to-Catalase ratio of 1. R1a-TpoKO mice had Sod2-to-GPx1 ratios of 0.53 and Sod2-to-Catalase of 0.78. Similar to R1a-null mice, the Sod2-to-GPx1 and Sod2-to-Catalase ratios were 0.65 and 0.78, respectively, in DRP-TpoKO tumors. As Sod2 was downregulated in R1a-TpoKO and DRP-TpoKO thyroid tumors, the expression of the extracellular superoxide dismutase Sod3 was significantly upregulated. However, Sod3 is an extracellular enzyme, so its role in detoxifying the intracellular compartment is unclear (50) . Overall, SOD2/ Sod2 genes were similarly downregulated in human FTC and murine FTC models, but not in murine adenomas or human PTC. The OS gene signature as well as ratios of antioxidant enzymes indicate a progression of gene expression changes as the tumors become more aggressive, thus setting the stage for OS stress in different thyroid carcinoma models.
Effects of over-and underexpression of Sod2 in murine models of thyroid follicular neoplasias
OS is proposed as an important factor in thyroid cancer; however, the expression of SOD2 has been suggested to correlate with the degree of differentiation (51) . Thus far, to our knowledge, the effect of Sod2 manipulation has not been experimentally investigated in endocrine cancer models. To this end, we genetically manipulated OS in our FTC mouse models as described in Methods by either over-or underexpressing the gene. Because Sod2 2/2 mice are not viable, we used Sod2
mice to achieve a reduction in Sod2, because these animals exhibit about 50% of the MnSod activity of the wild-type mice (52) . We used a transgenic line overexpressing Sod2 globally as a means to upregulate expression of the enzyme (33) . Notably, Sod2 +/2 mice have significantly elevated measures of OS (21, 52-56) and increased cancer incidence (54), whereas Sod2-Tg mice have enhanced mitochondrial oxidative capacity and decreased cancer incidence (33, 57) . Pten-and DRPTpoCre mice were bred with Sod2 +/2 and Sod2-Tg animals to generate thyroid-specific tumors with up-or downregulation of MnSod as a means to understand the effect of altered OS in FTC disease progression.
The mice were analyzed by ultrasonography at 3-month intervals for up to 1 year to record thyroid growth over time. At study end point, mice were subjected to histological analysis to analyze incidence of cancer. For baseline comparison, control groups with wild-type Sod2 (i.e., PtenTpoKO or DRP-TpoKO) were used. The expression of MnSod was confirmed in Sod2-wt underexpression and overexpression models by immunohistochemistry (Supplemental Fig. 2 ) and by quantitative real-time PCR of thyroid mRNA for Sod2 (data not shown).
We analyzed the effect of Sod2 overexpression (Sod2-Tg) and underexpression (Sod2 +/2 ) in Pten-TpoKO mice, which exhibit FAs. Manipulation of Sod2 activity in this model produced no change in mouse survival up to 1 year of age (data not shown). However, ultrasound analysis revealed that Sod2-Tg consistently increased the tumor volume, whereas Sod2 +/2 did not affect gross tumor size of Pten-TpoKO mice (Fig. 3A) . Consistent with increased tumor size, Pten-TpoKO mice with Sod2-Tg had a significantly higher incidence of carcinoma, compared with Sod2-wt or Sod2 +/2 mice (x 2 P = 0.007; Fig. 3B ). One
Sod2-Tg Pten-TpoKO mouse developed lung metastasis, whereas none of the other groups exhibited lung metastasis. Hence, higher expression of Sod2 correlated with advanced cancer in mice with the Pten-KO background. There were no sex differences in thyroid size in Pten-TpoKO animals (data not shown). Interestingly, when Sod2 levels were manipulated in this setting (either increased or decreased), male mice had a trend toward higher tumor volume than females (overall P = 0.053). However, when corrected for body weight, this trend disappeared.
To better understand the role Sod2 plays in tumor size in the Pten-TpoKO mice, we examined proliferation markers in the tissue. Sod-Tg animals exhibited significantly increased proliferation as evidenced by Ki-67 staining compared with controls (Fig. 3C) . Proliferation in Sod2 +/2 Pten-TpoKO mice was not altered compared with Pten-TpoKO alone.
Effects of over-and underexpression of Sod2 in metastatic FTC model
We next analyzed the effect of Sod2 manipulation in a more aggressive tumor model. We have shown that DRPTpoKO mice form aggressive thyroid tumors with capsular fibrosis and local invasion, and have the ability to form distant metastases (25) . In this model, Sod2 deficiency consistently promoted tumor growth and overexpression reduced tumor growth (Fig. 4A) . All three groups of mice developed carcinomas with 100% penetrance, but the gross tumor size in Sod2 +/2 DRP-TpoKO mice was increased compared with that of controls (P = 0.06) and was significantly higher than in Sod2-Tg DRP-TpoKO mice (P = 0.006). A 12-month time point was omitted because few mice survived to this age, although genotype played an important role in this observation: The proportion of DRPTpoKO mice surviving at 9 months was 26% in the Sod2-wt group, 15% in the Sod2-deficient group, and 60% in the Sod2-overexpression group. Overall, thyroid tumors of Sod2 +/2 DRP-TpoKO mice had nonsignificantly increased proliferation compared with those of control mice (P = 0.24). The reduced tumor size in Sod2-Tg; DRP-TpoKO was supported by the finding of significantly decreased proliferation in these tumors, as evidenced by Ki67 staining , and Sod2-Tg. (C, top) Representative 340 images of Ki67 staining in thyroid tumors of mice at 12 mos of age. (C, bottom) Quantification of proliferation represented as percent DAB to nuclear ratio. Graphs present mean data 6 SD. *P # 0.05. DAB, diaminobenzidine. (Fig. 4C) . Moreover, Sod2-Tg DRP-TpoKO mice had significantly longer lifespans (median survival of 52 weeks compared with 23 weeks in control mice) despite having similar cancer incidence, whereas Sod2 +/2 DRP-TpoKO genotype did not seem to worsen the lifespan of mice (Fig. 4C) . We hypothesized that loss of Sod2 might correlate with advanced disease progression and metastasis, hence we screened lungs of these mice to check for metastatic spread. The frequency of lung metastases in all groups of DRP-TpoKO mice was similar (Fig. 4D ). There was no sex effect in the DRP-TpoKO mice (data not shown).
Discussion
Alterations in the cellular response to OS have been proposed to affect the behavior of cancers, including previous studies of thyroid cancer (16, 19) . Hormonesecreting endocrine tumors have high metabolic activity and thus may be especially sensitive to metabolic changes. Furthermore, the thyroid and adrenal glands have unique requirements for the handling of ROS because hormone generation requires the action of specific peroxidases (e.g., thyroid peroxidase) and cytochrome oxidases (e.g., multiple P450 family members). However, to our knowledge, the role of mitochondrial antioxidants in thyroid and adrenal cancer progression has been unexplored. Mitochondria are the main site of ROS production; thus, the MnSOD is assumed to be the major antioxidant enzyme, and we have focused on this enzyme in this report.
In analysis of SOD2/Sod2 mRNA expression in human and mouse differentiated thyroid cancer, we observed a consistent downregulation of the gene in FTC. These transcriptional changes were not observed in human or mouse FAs, suggesting that the change is correlated with cellular transformation. Interestingly, PTC tumors in the TCGA data set did not exhibit overall alterations in SOD2, consistent with a different molecular behavior of these tumors. This effect was specific for BRAF mutant tumors, because RAS mutant tumors had a profile similar to FTCs, providing another point of evidence connecting genotype to molecular phenotype, rather than histological phenotype, as has been discussed by others (58) . SOD2 levels were increased as tumors became less differentiated, with ATCs having the highest levels. We also found SOD2 transcript levels to be predictive of tumor outcome in ATC: Reduced transcript levels were associated with poorer outcome. To see if these observations were generalizable to other endocrine cancers, we analyzed a set of human ACC data to look for a correlation between SOD2 levels and patient survival. We chose to study ACC because the adrenal gland is another endocrine organ that relies heavily on the cAMP/PKA pathway for trophic growth and physiologic hormone secretion. As in the analysis of aggressive thyroid cancers, ACCs that expressed higher levels of SOD2 were associated with improved patient survival.
Because good mouse models for adrenal cancer do not exist, we focused on modeling the effects of Sod2 in FTC, where existing mouse models enabled us to assess directly the effects of manipulating Sod2 levels on tumor behavior. Sod2 overexpression in FA (Pten-null mice) led to a more aggressive cancer phenotype, which was accompanied by increased thyrocyte proliferation. In contrast, the same increase in Sod2 reduced cell proliferation in the metastatic FTC model (R1a Pten-null mice). Although tumor size was decreased (but did not reach statistical thresholds) and there was no reduction in metastases, the mice had increased survival, pointing to a less aggressive cancer phenotype. When Sod2 levels were decreased in this model, tumors were larger, with a trend toward enhanced proliferation, although there was no change in overall survival of the animals. Mortality in these mice is largely due to upper aerodigestive tract obstruction by the large thyroid tumors. We would expect that if tumors underwent resection to relieve the obstruction (as would occur in human patients), we would see the survival benefit of higher Sod2 levels, as seen in the human data.
On the basis of these observations, we conclude that the effects of MnSOD alteration are context dependent and complex. Specifically, increasing Sod2 expression promotes tumors of low aggressiveness, whereas it suppresses those with high aggressiveness. The study presented here was designed to address directly the effects of manipulating Sod2 in altering tumor behavior, and, to our knowledge, it is the first to demonstrate these dichotomous effects using genetically engineered mouse tumor models with intact immune systems. Future studies will be required to fully determine the mechanism of these observations; however, studies from other systems provide valuable insight into the dichotomous effects of Sod2 manipulation (59) (60) (61) , which has recently been reviewed (62) .
In prostate cancer, increased MnSod expression is associated with a strongly increased risk of tumor formation, likely due to MnSod's function as a peroxidase. Increased intracellular peroxide leads to enhanced mutagenesis, with resultant tumorigenesis (63) . It has also been shown that peroxide accumulation causes activation of protumorigenic and proangiogenic pathways, including AKT, HIF1a, and VEGF (48, 64, 65) . There also are data suggesting that SOD2 enhances lung tumor aggressiveness through activation of NF-kB (66) . These signaling alterations may explain how indolent tumors, which often lack important activation of these pathways, begin to acquire more aggressive features.
In contrast to the findings in benign tumors, aggressive tumors in humans and mice clearly do worse with reduced SOD2/Sod2 expression. A possible explanation for the discrepancy is that aggressive and metastatic tumors have already developed mechanisms to acquire activation of tumorigenic pathways; therefore, the ability to scavenge ROS becomes a protective effect preventing further damage. We observed a reduction in Sod2-toGpx1 and Sod2-to-catalase ratios in DRP-TpoKO mice, indicating an inability to scavenge ROS. When Sod2 is increased, better H 2 O 2 removal can suppress cell stress as a means to decrease tumor cell proliferation and improve the overall outcome. This hypothesis was previously tested with aggressive pancreatic cancer and glioma cell lines, in which Sod2 overexpression reduced growth in vitro and in xenografts (67, 68) . Furthermore, in a chemical carcinogenesis model of melanoma, Sod2 overexpression reduced tumorigenesis and tumor aggressiveness through a mechanism that involved suppression of oxidative cell damage, which may involve tumor cells and the local microenvironment (69) .
A potential confounding factor in these studies is the presence of hyperthyroidism: DRP-TpoKO mice are hyperthyroid, whereas Pten-TpoKO mice are euthyroid (25, 48) . However, short-term studies to examine the role of hyper-or hypothyroidism on tumor phenotype did not show any substantial effects (data not shown). We also evaluated the possibility that ROS generation from infiltrating immune cells might bias these data; however, analysis of the mouse tumors did not show evidence for a substantial number of immune cells within the tumors (data not shown).
In conclusion, a growing body of evidence suggests that antioxidant enzymes have crucial roles in cancer development. The results of study of SOD2 gene expression in human thyroid and other endocrine tumors demonstrate the dichotomous effects of this enzyme. In normal tissues or benign neoplasias, increases in SOD2/ Sod2 expression seem to promote excess tumor growth; in contrast, in aggressive cancers, increases in SOD2/ Sod2 ameliorate tumor burden. The context-dependent changes in SOD2 expression may be linked to changes in expression as tumor cells progress from an initial benign stage to the acquisition of more invasive and metastatic phenotypes, or they may be dependent on the underlying oncogenic drivers (35, 41, 58) . Moreover, limited research is available concerning OS and use of antioxidants in thyroid disorders such as hypothyroidism and autoimmune thyroiditis (70, 71) ; in the case of cancer treatment, the research remains controversial (36, 72, 73) . It is evident that further refinement of the understanding of reduction-oxidation reaction balance and the role of superoxide dismutases on tumor development and behavior is needed to avoid potentially risky treatments for patients with cancer.
